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Abstract 
Tropical climates (such as in Singapore) are characterised by fast-changing irradiance conditions due to high 
variations in cloud coverage. Different photovoltaic (PV) technologies possibly react differently to these variations of 
irradiance conditions, which in turn will also influence the module performance. In this study, a novel method is 
introduced to systematically investigate the fluctuating irradiance and its influence on module performance. Taking 
the Adnot clear-sky irradiance model as reference, the fluctuating irradiance is separated into high and low irradiance 
levels using the Typical Meteorological Day (TMD) irradiance values of 2011. These two irradiance groups are then 
analysed individually for the impact of the fluctuation frequency (defined via the number of minutes of constant 
irradiance) on the following module parameters: short-circuit current, module temperature and efficiency. The 
distribution of fluctuating irradiance over a whole year in Singapore and its impact on 5 different module 
technologies (monocrystalline Si, hetero-junction Si wafer, a-Si single junction, a-Si double junction and micromorph 
Si) are presented. The results show that the efficiency of wafer-based Si modules is not much influenced by the fast 
irradiance changes and dominated by the temperature effect at high irradiance. In contrast, Si-based thin-film 
technologies are stronger impacted by the fluctuations. Amorphous Si technologies show higher efficiencies at low 
irradiances, while micromorph Si modules react similar to monocrystalline Si at high irradiances, however with a 
slight drop in efficiency at low irradiances. This study gives valuable insights into the PV module response to varying 
irradiance. 
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1. Introduction 
Most PV module parameters provided by manufacturers are tested indoor under the so-called Standard 
Test Conditions (STC), which are defined as follows: PV module temperature of 25° C and irradiance of 
1000 W/m2 with a spectral distribution conforming to the AM1.5G spectrum. However, STC are rarely 
met in real-life operating conditions. All of the three parameters in STC (temperature, irradiance, 
spectrum) are variables in actual PV systems. 
 
In tropical areas, besides the constant high temperature and humidity, the weather is also characterised 
by fast-changing irradiance conditions. In fact, for the case of Singapore (1° north of the equator), 
clear-sky conditions over the course of a full day were only observed on one single day in the 1-year 
observation period based on our meteorological data. Typically, the irradiance in Singapore changes quite 
rapidly with cloud coverage. Quantitative analysis of PV module performance based on the clearness 
index (defined as the ratio of total irradiance on a terrestrial horizontal plane to total extraterrestrial 
irradiance) as suggested elsewhere [1, 2] has limited applicability in Singapore. In addition, the effect of 
fluctuating irradiance on the electrical parameters and performance of PV modules has not been 
investigated for tropical regions. In the present paper, a method is therefore proposed that allows to 
quantify the level of irradiance fluctuation and to investigate its effect on the performance of different 
module technologies. 
 
Five types of PV technologies were selected to analyse the influence of fluctuating irradiance on 
module performance in actual outdoor conditions in tropical Singapore. As clear-sky conditions over the 
course of a whole day are rarely observed in Singapore, a clear-sky irradiance model was used as a 
reference and combined with the Typical Meteorological Day (TMD) irradiance data of 2011 to separate 
the irradiance into  categories with 
different fluctuation frequencies based on the number of minutes of constant irradiance. The electrical 
properties of the five technologies were studied under those different conditions. 
 
Nomenclature 
Pmpp  Maximum power output of PV module [W]  
Vmpp  PV module voltage at maximum power point [V] 
Impp  PV module current at maximum power point [A] 
VOC  Open-circuit voltage of PV module [V] 
ISC  Short-circuit current of PV module [A] 
 Normalised short-circuit current [A] 
  Measured short-circuit current [A] 
  Temperature coefficient of short-circuit current [%/°C] 
Tmod  Temperature of PV module, measured at the backsheet [°C] 
: Typical Meteorological Day (TMD) module temperature [°C] 
G  Measured in-plane irradiance [W/m2] 
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GC  Global irradiance on clear day [W/m2] 
GI  In-plane irradiance on clear day [W/m2] 
 Typical Meteorological Day (TMD) irradiance [= 658 W/m2] 
Z  Solar zenith angle [degree] 
  Solar incident angle on a titled surface [degree] 
2. Experimental setup 
Measurement data from the Solar Energy Research Institute of Singapore's (SERIS) outdoor module 
testing (OMT) facility were analysed. The OMT (see Fig. 1) is a specialised testing setup for outdoor PV 
module performance under real-life conditions in tropical Singapore, built and operated by SERIS, 
located on the campus of the National University of Singapore (NUS). All modules under investigation 
were installed with a fixed tilt angle of 10°, facing true south. The following electrical parameters and 
environmental variables are logged simultaneously every 10 s. 
 DC parameters including Voc, Isc, Vmpp, Impp, Pmpp and full I-V curve 
 Individual module temperature Tmod 
 In-plane solar irradiance G 
 Ambient temperature Tam 
 
Electrical data are measured individually for each module. When not being measured, the modules are 
always kept at their maximum power point (MPP). 
 
Fig. 1. Outdoor PV module performance testing setup at SERIS in Singapore 
3. A method to distinguish fluctuating irradiance 
Figure 2 (black curve) shows the measured irradiance of a typical day (03-Apr-2011) in Singapore 
with fast-changing irradiance conditions and a clear distinction between low irradiances (200-350 W/m2) 
and high irradiances (900-1100 W/m2). In this study, a method to distinguish fluctuating irradiance into 
-sky model as reference, is proposed. 
 
A number of models have been proposed to simulate the irradiance under clear-sky conditions [3, 4]. 
Based on the calculation of the Pearson correlation coefficient using two years' data from Singapore [5], 
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the Adnot model, which is a function of the solar zenith angle, was found to fit the Singapore irradiance 
best: 
 
where denotes the solar zenith angle. Eq. (1) results in the global irradiance received horizontally 
on a clear day. It can be adjusted to simulate the irradiance on a titled surface by changing the solar zenith 
angle to the incident angle on the tilted plane ( ), as shown in Eq. (2):  
 
The solar incident angle on a tilted surface can be obtained from an NREL online solar position 
algorithm calculator [6, 7]. The simulated irradiance using the Adnot model was verified with measured 
irradiance on a clear-sky day (05-Aug-2011) from a silicon sensor with the same orientation as the five 
studied modules. The comparison is shown in Fig. 3. The results from Eq. (2) and empirical data have a 
 It is noted that under clear-sky conditions the maximum 
irradiance in Singapore is around 950 W/m2 due to the high level of humidity in the air, hence not even 
reaching the 1000 W/m2 used in the Standard Test Conditions (STC) to rate PV modules. Irradiance 
values above that (as seen in Fig. 2) result from reflections on clouds back to the earth surface. 
  
Figure 2 also shows the average irradiance values for every 10 seconds over the course of a full year 
(here: 2011). This is equivalent to a Typical Meteorological Day (TMD) for the in-plane irradiance. The 
maximum of the TMD irradiance is around 69% of the clear-sky model. This value was used in the 
following to separate the irradiance values into: low irradiance  lower than 69% of the 
simulated clear-sky irradiance) high irradiance  higher than 69% of the simulated 
clear-sky irradiance). To study the impact of intermittency on PV module performance, the two categories 
(high/low irradiance) were further classified into six groups based on the number of minutes with relative 
stable irradiance. The six groups are: (1) less than or equal to 2 minutes; (2) longer than 2 minutes, less 
than or equal to 5 minutes; (3) longer than 5 minutes, less than or equal to 10 minutes; (4) longer than 10 
minutes, less than or equal to 20 minutes; (5) longer than 20 minutes, less than or equal to 30 minutes; 
and (6) longer than 30 minutes. 
 
 
Fig. 2. Measured irradiance on a typical day in Singapore (03-Apr-2011) characterised by a high level of variability (in black), 
compared with simulated clear-sky irradiance (in blue) and the Typical Meteorological Day (TMD) 2011 irradiance (in red). Source: 
SERIS meteorological station 
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Fig. 3. Comparison of simulated irradiance with measured irradiance during an exceptional day with clear-sky conditions in 
Singapore (05-Aug-2011). Source: SERIS meteorological station 
4. Distribution of fluctuating irradiance 
Measured irradiance over a whole year from January to December 2011 in Singapore was separated 
and classified with respect to different energy radiation levels and different stable irradiance durations. 
Figure 4 shows the distribution of cumulative radiation energy with different irradiance levels and 
duration ranges (number of minutes with stable irradiance conditions). The irradiance was measured with 
the same Si sensor mentioned above. Considering irradiance of less than 30-minute duration as 
fluctuating irradiances, they contributed more than half of the total radiation energy. It can be seen from 
Fig. 4 that the share of fluctuating irradiance increases with higher irradiance levels. As mentioned 
earlier, the peak irradiance (from the Adnot clear-sky model) in Singapore should have its maximum 
value at around 950 W/m2, hence irradiance values above that are attributed to the reflection of clouds, 
and would only occur during times of fluctuating irradiance. 
 
 
Fig. 4. Radiation energy distribution with respect to irradiance level and time range of temporal fluctuation in Singapore (2011 
data). Source: SERIS outdoor module testing station. 
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5. PV module performance under fluctuating irradiances 
Five different PV technologies were selected to investigate the impact of fluctuating irradiance on PV 
performance. The specifications of these modules from datasheets are listed in Table 1. One-year data 
from January to December 2011 were used for this study. 
Table 1. Specifications of PV modules under investigation 
PV module  Technology Nominal power (Wp) Temperature coefficient of Isc (%/°C)  
1 Mono c-Si 180 +0.050 
2 Hetero-junction c-Si 210 +0.030 
3 a-Si single-junction  60 +0.075 
4 a-Si double-junction  95 +0.080 
5 Micromorph Si 110 +0.056 
5.1. Short-circuit current of PV modules under fluctuating irradiance 
The short-circuit current (Isc) of a PV module is proportional to the solar irradiance and practically 
insensitive to the PV module temperature [8]. Isc reflects the effect of irradiance on module performance 
and is therefore used as a gauge to analyse the response of the various PV technologies to fluctuating 
irradiance. To better compare the Isc characteristics among the five selected modules, the measured Isc was 
normalised to the average maximum Isc over the course of the year under investigation. This value was 
derived from annual average values for each 10-second recording of a day (similar to the TMD 
irradiance). The same TMD approach was used to derive the average maximum module temperature for 
normalisation, while the temperature coefficient for the normalisation was taken from 
datasheets. The normalisation formula is as follow: 
  
where  
: Normalised short-circuit current [A] 
:  Measured short-circuit current [A] 
: Typical Meteorological Day (TMD) irradiance [= 658 W/m2] 
:   Measured in-plane irradiance [W/m2] 
:   Temperature coefficient of short-circuit current [%/ ] 
:  Temperature of PV module, measured at the backsheet [°C] 
: Typical Meteorological Day (TMD) module temperature [°C] 
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The normalised is divided by the annual average maximum Isc to get the relative percentage
value, which was then plotted as box chart against the time intervals with stable irradiance duration, both
at high and low irradiances (see Fig. 5).
Fig. 5. Box charts of normalised of selected PV modules: (a) monocrystalline Si; (b) hetero-junction c-Si; (c) a-Si single 
junction; (d) a-Si double junction; (e) micromorph irradiance conditions
direct sun exposure according to irradiance levels lower and higher than the 69% of 
the simulated clear-sky irradiance.
The 25% and 75% values were used as the bottom and top edges in the box charts, and the lines inside
the boxes denote the median. The results indicate that the Isc of monocrystalline and hetero-junction Si 
wafer are around their average values and the normalised Isc of silicon wafer-based modules were widely 
independent of irradiance levels and irradiance fluctuations. However, the data of thin film modules (a-Si
single junction, a-Si double junction, and micromorph Si) show a large range of variability, especially at 
low irradiances. Normalised Isc of the a-Si modules (both single-junction and double-junction) were 5-7%
(a)
(c) (d)
(e)
(b)
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higher at low irradiances compared to high irradiance conditions, also exhibiting wide variations (larger
boxes). The normalised Isc was less scattered at high irradiances and more stable conditions. For the
micromorph Si module, in contrast, its normalised Isc values under low irradiance conditions were around 
2% lower than the values under high irradiance conditions, with wider variations under low irradiances.
5.2. Temperatures of PV modules under fluctuating irradiances
Figure 6 shows the temperature distribution of the monocrystalline Si PV module during the same
period (the other investigated PV module technologies show a similar behaviour and hence are not shown
here). At low irradiances, the module temperature decreases with longer duration of stable irradiance, 
allowing the PV modules to gradually reach equilibrium with the ambient air temperature. The decrease is
smaller initially (i.e. at higher variability) due to the smoothing effect of the thermal inertia of the PV
modules, which typically follows an exponential curve [9]. In contrast, at high irradiance, the module
temperature increases with increasing duration of the irradiance, due to the continuous absorption of 
direct solar radiation and the relatively large heat capacity of a solar module, which is in the range of 1.5
3.0 ×104 J/K for standard PV modules [10]. As can be seen from Fig. 1, the test setup facilitates good
ventilation of the PV modules. Since there is only little contact area between the PV modules and the
frame, the influence of heat conduction is negligible. The main heat exchange portions are therefore
radiation and convection. There were no wind data available, which (even at low average wind speeds
such as in Singapore) leads to a forced convection and has strong influence on the actual module
temperature, which therefore could only be analysed qualitatively here.
Fig. 6. Mono c-Si module temperature vs. duration of the stable irradiance, for low and high irradiance levels.
5.3. Outdoor average efficiencies of PV modules under fluctuating irradiance
As the open-circuit voltage (Voc) of a module is significantly influenced by module temperature (one 
magnitude larger temperature coefficient than that of Isc), and is only marginally affected by irradiance
when irradiance levels are above 100 W/m2 [11], the impact of irradiance fluctuation on the Voc is
correlated with the impact on PV module temperatures. Instead of analysing Voc alone, the efficiency,
which in consequence is also depending on Voc and the module temperature, is characterised under
fluctuating irradiance here. Figure 7 shows the outdoor average efficiencies with increasing number of 
minutes of stable irradiance, for low and high irradiance conditions. For the mono c-Si module, with 
longer duration of stable irradiance, the average efficiency increases for low irradiances and decreases for
high irradiances (see Fig. 6), as
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expected. In contrast to the mono c-Si module, a-Si technologies (both single-junction and 
double-junction) show little change in efficiency with duration of the stable irradiance, indicating that the 
effect of module temperature on the efficiency is not so significant for these technologies. However, they 
show a considerable difference between the efficiencies at high and low irradiances, which is equivalent 
to the delta in the normalised Isc distribution (see Fig. 5), so the efficiency of a-Si modules is less 
dependent on the irradiance variability, but more on the absolute irradiance level. This is most probable 
due to the spectral shift towards the blue  range where a-Si has a higher spectral response. For the 
micromorph Si module, its efficiency trend is similar to mono c-Si for high irradiances, indicating that the 
c-Si cell dominates, while for low irradiances, the efficiency is lower, especially at higher fluctuations, 
when there seems to be a negative impact from the mismatch between the bottom ( c-Si) and the top 
(a-Si) cell, which is again due to a different spectral response between the two absorber materials. 
 
      
Fig. 7. Average annual efficiencies of the five investigated PV module technologies versus the increasing duration (in minutes) of 
stable irradiance, for low-irradiance and high-irradiance conditions. Lines are guides for the eye. The value at 2 min shows the 
readings for  2 min; the value of 5 min shows the readings for 2-5 min; etc. 
6. Conclusion 
A method was introduced to study fluctuating irradiance and its influence on PV module performance 
through in tropical Singapore, separating measured fluctuating irradiance into high and low irradiance 
using Typical Meteorological Day (TMD) irradiance data as basis. The distribution of fluctuating 
irradiance (defined as stable irradiance with duration of less than 30 minutes) in Singapore is presented. 
More than half of the irradiance in Singapore can be classified as fluctuating irradiances. Monitored data 
of five different PV module technologies over a one-year period from January to December 2011 were 
used to study the performance of different PV module technologies under fluctuating irradiance. 
Short-circuit current, module temperature and average efficiency of the investigated modules are 
discussed. The normalised Isc of wafer-based modules were found to be independent of the irradiance 
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changes, but the Isc distribution of a-Si and micromorph Si modules revealed relevant dependencies on the 
irradiance levels and the fluctuation frequency. The average efficiency of mono c-Si modules was found 
to be mainly affected by the module temperature, while the efficiency for a-Si thin-film modules showed 
a much stronger dependency on the irradiance level than on the fluctuations or module temperature. 
Higher efficiencies at low irradiances are likely arising from a higher spectral response in the blue  
spectrum. The micromorph Si module showed similar characteristics as mono c-Si for high irradiances 
(including temperature dependency), but a lower efficiency for low irradiances, possibly caused by 
internal current mismatch between the bottom and top cells. The method proposed here allows a deeper 
insight into the dependence of module performance on fluctuating irradiance conditions, which is 
especially important for tropical regions where irradiance shows high levels of variability. 
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